A combination of arena, Y-tube olfactometer, and flight tunnel assays were used to determine responses of male and reproductive female Polistes exclamans Vierick (Hymenoptera: Vespidae) to odors and extracts of conspecific males and females, as potential pheromone-mediated sexual behaviors. Males rubbed the sternites of the gaster on filter paper in response to extracts of the female mesosoma and gaster, indicating possible scent-marking. In a Y-tube olfactometer, females oriented to extracts of the male head, gaster, legs, seventh sternite, and mandibular glands. In the olfactometer, males oriented to extracts of the female whole body, but were repelled by extracts of the female head. Both females and males oriented to solvent washes of glass jars that held wasps of the opposite sex, as well as volatile collections from the opposite sex. In a flight tunnel, males and females both exhibited chemoanemotaxis that consisted of upwind flight and close range casting in response to odor piped into the tunnel from live wasps of the opposite sex. Males mounted a female wasp model treated with an extract of the female mesosoma. Together, these experiments suggest pheromones stimulate male scent-marking, attraction of females to males and males to females, and mounting, in P. exclamans. Results indicate the mesosoma as a source of female pheromones, and the legs, gastral sternal glands, and mandibular glands, as male pheromone sources.
Species of Polistes wasps (Vespidae) are of considerable interest for their diverse behaviors and primitive eusociality. Polistes construct open-faced paper nests and form colonies of dozens to hundreds that can be pestiferous under some circumstances (Cranshaw et al. 2011 , Landolt et al. 2014 and beneficial under other circumstances (Gould and Jeanne 1984) . Polistes exclamans Vierick is a common species in eastern North America, and readily builds nests on buildings (Reed and Vinson 1979) , which puts it into frequent contact with people. Pest situations with species such as P. exclamans might be mitigated with the use of traps baited with feeding attractants (Landolt et al. 2014) or sex pheromones.
Colonies of temperate species produce reproductive females (gynes) and males late in the season, with mated females overwintering. Reproductive behaviors of Polistes species are diverse, including: male territoriality, patrolling, and scent-marking (Beani and Turillazzi 1988) , male interception of females at overwintering sites (Post and Jeanne 1983c) , hilltopping (Mathes-Sears and Alcock 1986) , and swarming at towers and tall structures as a form of hilltopping Landolt 1990, 1991) . Although pheromones that mediate sexual behavior have not been identified for Polistes wasps, pheromones appear to play multiple roles in these diverse behaviors. Polistes fuscatus Fabricius (Hymenoptera: Vespidae) (Post and Jeanne 1983a) , P. exclamans Vierick (Reed and Landolt 1990) , and Polistes dominula Christ (Hymenoptera: Vespidae) (MacKenzie et al. 2008 ) exhibit short-range orientation in laboratory assays in response to odors of the opposite sex, suggesting that sex pheromones are involved in mate finding. Males exhibit a variety of patrolling and territorial type behaviors in connection with apparent pheromonal scent-marking (rubbing of the legs, mandibles, and/or gastral sternites on a substrate). The mouthparts, gastral sternites, and legs are associated with exocrine glands (Landolt and Akre 1979 , Wenzel 1987 , Beani and Calloni 1991a that are postulated to be sources of pheromone.
There is much that is hypothesized about Polistes pheromonal signaling and behavior mediated by pheromones, but experimental studies of pheromonal behavior involved in mate finding, mate selection, and copulation are limited. Behavioral responses are demonstrated to the odor of wasps (from air flow over live wasps) and to solvent washes or extracts of wasps, wasp tagmata, and wasp glands, supporting contentions that these behaviors are indeed pheromonal (Post and Jeanne 1983a , Reed and Landolt 1990 , MacKenzie et al. 2008 . Accounts of the chemistry of exocrine glands of Polistes spp. provide lists of potential pheromone structures (Dani et al. 1995) , but without corresponding demonstrations of wasp responses to compounds. Little is known of P. exclamans reproductive behavior, either in the laboratory or natural settings, although males have been seen to rub the gastral sternites near nests with gynes suggesting scent-marking and sex attraction is demonstrated in a laboratory flight tunnel (Reed and Landolt 1990) . A more comprehensive understanding of pheromonal mediation of P. exclamans sexual behavior would support the isolation and identification of their pheromones.
We used a set of behavioral assays to determine possible P. exclamans behavioral responses to pheromones. Building on previous work conducted with Polistes spp., we used a combination of arena, Y-tube olfactometer, and flight tunnel assays to observe wasp responses to prospective pheromones from varying morphological and volatile sample sources. Different assays showed behavioral processes that occurred during pheromone-mediated sexual communication under varying conditions. The flight tunnel assay exemplified long-range attraction and movement upwind in a defined pattern toward an odor source. Arena and Y-tube assays examined sexual responses at close range (e.g., turning towards the source or scent-marking) in response to conspecific volatiles, culminating with mounting behavior. The wasp responses we saw suggest that pheromones play roles in eliciting male scent-marking, sex attraction between conspecifics, and male mounting. We discuss our results in the context of natural behavior observed in Polistes spp. during their mating period, and speculate on possible contributions of male and female pheromones relative to mating in natural conditions. Results obtained in this study will aid in eventually isolating and determining sex pheromone structures.
Materials and Methods

Wasp Collections and Maintenance
In November 2014, P. exclamans individuals and colonies were collected at Moody Air Force Base (AFB), near Valdosta, Lowndes County, GA, and at Patrick AFB, near Cocoa Beach, Brevard County, FL. P. exclamans individuals and colonies were collected at Moody AFB, Tyndall AFB, and the University of Florida, Gainesville, Alachua County, FL in August 2016, and Shaw AFB near Sumter, Sumter County, SC in November 2016. Pupae collected in nests were assumed to be reproductive males and gynes because of the time of year and abundance of males on and near nests. Wasps were netted and nests were placed in plastic bags and stored in a cooler with cold packs in the field, then stored in a laboratory refrigerator for 1-3 days before overnight shipping to the USDA-ARS Temperate Tree Fruit and Vegetable Research Laboratory near Wapato, Yakima County, WA (Yakima Laboratory). Males and females were then separated 1-4 days after emergence, held in screen cages, and kept in separate greenhouses to prevent exposure to possible sex pheromones. These wasps were used for preparation of extracts, for volatile collections, and for behavioral assays. The mating status of collected wasps was unknown. It is possible that non-reproductive or previously mated females would not have been receptive to potential sex pheromones from conspecifics. However, due to timing of wasp collections and species phenology, as well as observed responses, we are confident that females were gynes.
Wasps were housed in stainless steel screen cages (21 × 21 × 21 cm) in a greenhouse setting at 20.0 ± 3.0°C under a natural light regimen (8-12L:12-16D) with 20% relative humidity (RH). There were approximately 25 wasps per cage, and 10 male cages and eight female cages were present in mid-August 2016. Numbers of wasps per cage and total cages decreased over time due to attrition. Wasps were provided water and a sugar water solution (236 ml deionized water + 40 g table sugar) on cotton balls placed in the bottom of 8.5 cm diameter plastic petri dishes. Water and sugar water were replenished each day, and any deceased wasps were removed from cages daily. Wasps were maintained under these conditions until they were needed for assays. Arena assays and flight tunnel assays were conducted at the Yakima Laboratory from October 2016 to January 2017 (testing wasps collected in 2016). Y-tube olfactometer assays were conducted at the same location from December 2014 to January 2015 (testing wasps collected in 2014), and from September 2016 to February 2017 (testing wasps collected in 2016). Individuals that were active on the sides or tops of the screen cages were selected for bioassays. Wasps used in one assay were not tested again for at least 24 h.
Tagmata and Extract Preparations
Arena Assays
Ten male and 10 female wasps were selected to obtain tagmata for extract preparation. Dissecting tools, mortars and pestles, and all glassware were cleaned in hot water using Micro-90 cleaning solution, and rinsed serially with deionized water, acetone, and hexane. Glassware and tools were air-dried and then baked in an oven at 150°C overnight. To create separate extracts of male tagmata, 10 male wasps were divided by head, mesosoma, and gaster. The 10 male heads, mesosomae, and gasters were ground in respective mortars and pestles with 5 ml of dichloromethane (DCM). After grinding, tagmata extracts were pipetted into cleaned graduated cylinders, and DCM was added to bring the solutions to 10 ml, providing a concentration of 0.1 wasp-equivalents per 100 µl. This process was repeated to obtain extracts of female wasp tagmata at the desired concentration. Extracts were stored in a freezer at −15°C until use.
To create separate extracts of female mesosoma and legs, the mesosomae were removed from 10 female wasps. Dissecting tools, mortars and pestles, and all glassware were cleaned as previously described. Legs were separated from the mesosomae by cutting each one close to the proximal end of the coxae. Ten mesosomae without legs and 10 sets of legs were ground in respective mortars and pestles with 5 ml of DCM. Extracts were pipetted into glass graduated cylinders and brought to 10 ml by adding DCM, providing a concentration of 0.1 wasp-equivalent per 100 µl. Extracts were stored in a freezer at −15°C.
Y-tube Olfactometer
To create tagmata extracts for the Y-tube olfactometer assays, 50 live male wasps were placed in a freezer and killed. Dissecting tools, mortars and pestles, and all glassware were cleaned as previously described. To create separate extracts of male tagmata, the freezekilled male wasps were divided by head, mesosoma, and gaster. The 50 male heads, mesosomae, and gasters were placed in respective 12 ml vials with 8 ml of DCM. These mixtures were then transferred to respective mortars and pestles, where the tagmata in DCM were thoroughly ground. Remaining solvent was then pipetted into a vial and concentrated under N 2 to create a 2.5 ml extract for each tagma. This process was repeated with 50 female wasps. The tagmata solutions provided a concentration of 2 wasp-equivalentsthe number of wasps or their respective tagmata in solution-per 100 µl of extract. Due to limited availability of wasps to sacrifice and use for whole body extract creation, previous tagma solutions were combined to reformulate a whole body extract. To reformulate a male wasp whole body extract to assay, a portion of the head extract, thorax extract, and gaster extract were recombined, providing a solution of 2 wasp-equivalents per 300 µl extract. This process was repeated to reformulate the female wasp whole body extract using each female tagma extract. Extracts were stored in a freezer at −15°C until use.
Twenty male P. exclamans were frozen and used for dissections to create gland extracts. Male legs, mandibles with associated glands, and seventh gastral sternite were removed using cleaned forceps. Twenty pairs of mandibular glands were placed in a mortar and pestle with DCM and were thoroughly ground. Remaining solvent was pipetted into a vial and concentrated under N 2 to create a 1 ml extract solution, providing a concentration of 2 male-gland-equivalents-the number of male wasp gland pairs in solution-per 100 µl of extract. This process was repeated for the sternites and legs, providing extract doses equivalent to the seventh sternites of two wasps and the legs of two wasps. Extracts were stored in a freezer at -15°C until use.
Volatile Collections
Male and female wasp volatiles were collected on a 10 mg Hayesep-Q volatile trap (Analytical Research Systems, Inc., Gainesville, FL) (volatile trap) for use in behavioral tests. Airflow for the volatile collection system was provided by air from a compressed air tank (Oxarc, Wenatchee, WA) passed through an activated charcoal filter (Analytical Research Systems, Inc., Gainesville, FL), then through a flowmeter (Aalborg Instruments and Controls, Inc., Orangeburg, NY) set at 350 ml/min, through a glass-fritted bubbler, to increase air humidity, and a second activated charcoal filter. The airflow then entered a 3.8 liter glass jar containing 30 wasps and a piece of cardboard (26 cm × 7 cm) placed in the jar to provide perches and substrate for possible scent-marking. Cardboard was pre-rinsed in DCM, and air dried. Airflow exited the jar through the volatile trap. A small vacuum pump was employed downwind of the volatile trap with a vacuum airflow metered at 300 ml/min with a flow meter. A vent branched off of the terminal tubing so air metered at 50 ml/min was vented out of the experimental system. The collection system was vented for 20 min before wasps were placed in the jar. Wasps were given 10 min in the jar before the volatile trap was installed and a volatile collection started. For each set-up, volatiles were collected for 4 h, equating to 120 wasp hour-equivalents for a sample. One wasp-hour equivalent (WHE) is the equivalent of airflow over one wasp for 1 h. After the 4-h collection period, the trap was removed and extracted with DCM. Two 75 µl aliquots and one 100 µl aliquot of DCM were washed through the trap into a glass vial. The volume of the trap extract in the vial was 250 µl, providing a concentration of 0.50 WHEs/µl. This process was identical for both male and female wasp volatile collections.
Jar rinse extracts from volatile collections at 4.5 WHEs were obtained by rinsing the 3.8 L glass jar used for volatile collections with 20 ml DCM. This was repeated for both male and female wasp volatile collection jars. The remaining DCM rinse was poured into a glass vial, and brought up to 20 ml. This process was identical for both male and female wasps.
Arena-type Assays
Arena assays were conducted in an experimental room from October 2016 to December 2016 between 1000 h and 1500 h under fluorescent light (Phillips F32T8/TL850 32W). Light intensity was measured at three different heights above the arena assay testing 
Wasp Responses to Tagmata Extracts and Volatile Collections on Filter Paper
Four treatments (solvent control, and extracts of the head, mesosoma, and gaster) were compared in an arena assay. Four wasps, tested one at a time to each of these treatments, constituted a replicate block, and each block was replicated five times in a continuous series. Four series were conducted for a total of 20 wasp replicates per extract and solvent control. Spatial positions of treatments were rotated with each wasp assayed. Behaviors recorded were: grooming (rubbing legs over tagmata), antennation of the filter paper, and gastral dragging, where the posterior gastral sternites are pressed to the substrate while moving. A 2 × 2 contingency table was used to record behavior for each sex in order to compare the number of times an assay was positive for a behavior. Contingency tables were analyzed using the chisquare statistic at P < 0.05 (SAS Institute Inc. 2015, Cary, NC).
Male and female wasps were tested for behavioral responses to extracts of tagmata from both sexes. Caged test wasps were brought to the experimental room 1.5-2 h before the assay began to acclimate to conditions. The experimental table beneath the light was covered with brown butcher paper. Wasps were placed under the bottom half of an inverted 8.5 cm diameter polystyrene Petri dish (Fisher Scientific, Hampton, NH) on the butcher paper. Wasps were given 1 min to acclimate before introduction of treated filter paper. Directly prior to the assay, 100 µl of DCM control and 100 µl of tagmata extracts (0.1 wasp-equivalents) were administered to quartered sections of 5.5 cm diameter #3 Whatman Filter Paper (Whatman International Ltd, Little Chalfont, United Kingdom). DCM evaporated prior to introducing the treated filter paper wedges into the arenas with the wasps. The wasps were observed for 2 min and behaviors were recorded. The assay was ended at 2 min and the wasps were returned to a holding cage and not reused that day. At the end of each testing period, all wasps were returned to greenhouse cages from which selections were made for subsequent tests on other days. Petri dishes and butcher paper were discarded after each test and used filter papers were immediately removed from the experimental room.
A similar arena design was used to test wasp responses to extracts from a volatile collection of the opposite sex, with the only difference being the number of treatments per block. The two treatments were 1) DCM solvent blank and 2) 100 µl volatile collection extract (0.1 wasp-equivalents) applied to 0.64 cm circular arc wedges of 5.5 cm diameter #3 Whatman Filter Paper. A 2 × 2 contingency table was used to record behavior for each sex in order to compare the number of times an assay was positive for a behavior. Contingency tables were analyzed using the chi-square statistic at P < 0.05 (SAS Institute Inc. 2015).
Male Wasp Responses to Extract-treated Female Models
To test for a role of female pheromone in male copulatory attempts, female wasp models were utilized. To provide a realistic model for testing male responses to female wasps, freeze-killed solventwashed female wasps were posed to be 'life-like'. To accomplish this, wasps were relaxed for 24 h in a chamber saturated with a 50:50 ethanol:water solution on paper towels, making them more malleable for posing. When models were posed, legs were moved out from underneath the body, the ventral portions of the head and mesosoma were not in contact with the cardboard base, and antennae did not obstruct the face. Female wasp models were pinned to 2.5 × 2.5 cm pieces of cardboard using BioQuip #2 insect pins (BioQuip Products, Inc. Rancho Dominguez, CA). Once the model was pinned to the cardboard base, the top of the pin was cut to within 2 mm of the model's scutum.
Prior to beginning the assay, 10 model wasps and their cardboard bases were submerged in 20 ml DCM. After 60 s, the solvent-washed models were removed from the DCM and allowed to dry underneath a fume hood where models were then placed into two groups, five for the treatment and five for the control.
Wasp responses to models were tested under the same experimental conditions as described earlier for other arena assays. Two treatments, a DCM-rinsed model and a model treated with 100 µl of female tagmata extract (0.1 wasp-equivalent) were compared with 20 replications conducted over four different series of assays. As we only had 10 wasp models, models used for tagmata extracts or solvent control were washed in DCM, dried, and used again in the next series. Extract was pipetted directly onto the model, taking care to ensure the majority of the extract was applied to the wasp, not the cardboard, and the model was left to dry for 90 s. Inverted Deli Cups (473 ml Bare Solo) were used as the arena with enough room for male wasps to take flight and mount the model. Prior to introducing a model, a male was placed in an arena for 10 min to acclimate. Wasps were observed for 15 min and behaviors were recorded. Target behaviors included: grooming, antennation of the model, contact with the model, and mounting the model. After a series concluded, wasps tested during that series were moved to a holding cage so they would not be used again that testing day. Butcher paper and deli cups were discarded at the end of each assay. Contingency tables were analyzed using the chi-square statistic at P < 0.05 (SAS Institute Inc. 2015).
Y-tube Olfactometer Assays
A series of Y-tube olfactometer tests evaluated wasp responses to extracts of wasp tagmata, as well as legs, male seventh sternite, and mandibular gland odors. The Y-tube olfactometer assay determines an orientation to an odor source in an airstream by upwind movement and turning at the Y-juncture. In a sense then, male and female wasps were tested for klinotaxis, or a turning/orientation, in response to odor of the same and opposite sex.
The length of the glass Y-tube (Chemglass) from stem base to Y-junction was 25 cm, with an internal diameter of 2.4 cm. The olfactometer arrangement was placed on a table, 55 cm under a fluorescent light. Air moving through the system was supplied from a compressed air tank and pumped through an activated charcoal filter, a fritted-glass bubbler, and a flow meter to provide a flow of 150 ml/min. After exiting the flowmeter, the airflow was branched at 75 ml/min through two parallel Teflon tubes into two 250 ml glass jars containing the treatment and control. Air passed through the control jar containing filter paper (5.5 cm diameter #1 Whatman) treated with 100 µl DCM, through one arm of the Y-tube, and out the stem. Concurrently, air passed through the treatment jar containing filter paper with 100 µl wasp extract, through the other arm of the Y-tube, and out the stem. Treatments were derived from extracts and volatile collections discussed earlier. Prior to testing, wasps were removed from the greenhouse and placed in the experimental room (25.0 ± 0.03°C and 55% RH) under overhead fluorescent lights (Phillips F32T8/TL850 32W) with a light intensity of 1171.97 ± 2.91 lum/m 2 for at least 1 h. A 3.5 cm diameter clear plastic tube containing a test wasp was placed in the upper end of the stem of the Y-tube and observed for a maximum of 2 min to see if the subject moved upwind to the Y-junction and moved completely beyond the junction into either the treatment or control arm. The assay was considered complete and the behavioral response was recorded when the wasp moved completely into one of the Y-tube arms. Not all wasps responded. Ten individual wasps were tested sequentially using the same treatment and control jars. Position of the treatment and control was switched after the first five wasps were tested to eliminate any position effect in the volatile collection and jar rinse extract assays. Tests were conducted at 1000 h and 1200 h. All glassware involved in testing was cleaned in hot water using Micro-90 cleaning solution, and was serially rinsed with deionized water, acetone, and hexane before being placed in an oven at 150°C overnight. When testing the volatile collection and jar rinse extracts, this protocol was completed three times for a total of 30 wasps (5 wasps/series × 2 treatment positions × 3) tested. During the tagmata and gland extract tests, 10 wasps were tested before switching the position of the treatment and control. This protocol was completed six times for the tagmata extracts (10 wasps/series × 2 treatment positions × 3) for a total of 60 wasps tested, and eight times for the whole body extract (10 wasps/series × 2 treatment positions × 4) for a total of 80 wasps tested. Recorded responses for the wasps that oriented to a treatment were analyzed using chi-square goodness of fit test significant at P < 0.05 (SAS Institute Inc. 2015).
Flight Tunnel Assay
Flight tunnel bioassays were conducted in a Plexiglass flight tunnel (0.62 × 0.62 × 1.5 m) with a fan, 0.70 m away from the upwind end of the tunnel, to push air, and a vacuum pump, 0.70 m away from the downwind end of the tunnel, to pull air. This created a push-pull type flight tunnel. Screen mesh at both ends of the tunnel contained wasps in the tunnel. Airspeed during the assay was 14 m/min, determined by measuring and timing the limits of a smoke plume as it progressed between specified points in the tunnel. The smoke plume also provided a visual approximation of the plume geometry in the flight tunnel, which was used in scoring for upwind flight behavior.
Volatiles were introduced into the flight tunnel with an elbow shaped steel tube (0.54 cm internal diameter) extending 15.2 cm below the top of the flight tunnel and 15 cm from the upwind screen. As described earlier, 20 male or female wasps were placed in a 3.8 liter glass jar with a piece of cardboard to encourage scent-marking and pheromone release. The jar was placed on its side on top of the flight tunnel in a wooden stand to block the bottom of the jar from the test wasp's view. Air was pumped into the jar from a compressed air tank through a flow meter (1 liter/min), activated charcoal filter, and glass-fritted bubbler, all connected with Teflon tubing. Airflow passed through inlet and outlet nozzles fitted into the lid of the jar, passing air through the jar containing the wasps effluent, then passed through 26 cm Teflon tubing to the steel elbow venting into the flight tunnel. An empty jar with an identical set-up was used as the control. All glass and steel equipment was washed in water with Micro-90 cleaning solution, rinsed serially with deionized water, acetone, and hexane baked at 150°C. Teflon tubing was washed as described and dried in a fume hood for at least 1 h.
A test wasp was placed in a 3.5 cm diameter clear plastic tube on a petri dish set onto a ring stand at the center of the downwind end of the tunnel, 33 cm above the flight tunnel floor, and 18 cm away from the downwind screen. Tubes that held test wasps had a foam cap at one end and a mesh screen on the other end. A tube was placed with the mesh end facing upwind to expose the wasp to airflow during a 2-min acclimation period prior to the assay. Next, the foam cap was removed from the tube, the tube orientation was horizontally flipped 180°, and the trial period of 2 min began. The test wasp was scored for upwind flight, close range casting, and contact with the pipe vent. Upwind flight was defined as flight upwind towards the vent while remaining in the expected plume boundaries. Close range casting is described as a zig-zagging flight pattern in the plume and/or hovering within a 20-cm three-dimensional coneshaped area downwind of the vent. Behaviors occurred sequentially, and were scored as such. Contingency tables were analyzed using the chi-square statistic at P < 0.05 (SAS Institute Inc. 2015).
Ten wasps of each sex were individually tested against airflow from the control jar, and airflow from the treatment jar containing 20 wasps of the opposite sex. Wasps were placed in the treatment jar 71 cm beneath a light source in the experimental room for at least 1 h prior to testing. Seven trials of this experiment (N = 70) for each sex were conducted in January 2017 between 1000 h and 1500 h in a flight tunnel underneath overhead fluorescent lights (Phillips F32T8/TL850 32W) with a light intensity of 1152.40 ± 9.75 lum/m 2 and a temperature of 24.6 ± 0.25°C in the flight tunnel. Average experimental room temperature was 25.0 ± 0.03°C and 35% RH.
Results
Wasp Responses to Tagmata Extracts and Volatile Collections on Filter Paper
Male P. exclamans exhibited gastral dragging more often (χ 2 = 7.06, df = 1,19, P = 0.008) in response to the filter paper treated with female P. exclamans mesosoma extract compared with the solvent blank during male to female assays (Table 1) . Males also exhibited gastral dragging more often (χ 2 = 4.44, df = 1,19, P = 0.035) when presented with female gaster extract compared with the blank (Table 1) . Males did not respond with significant behaviors when presented with male extracts (Table 1) . Females did not show significant gastral dragging when presented with male or female tagmata extracts, but did show a significant antennation response when presented with female head extract (χ 2 = 5.63, df = 1,19, P = 0.018) and male mesosoma extract (χ 2 = 5.63, df = 1,19, P = 0.018) ( Table 1 ). In a subsequent assay testing responses to volatile collections from conspecific wasps of the opposite sex, males exhibited gastral dragging more often (χ 2 = 5.71, df = 1,19, P = 0.017) in response to the filter paper treated with female volatile trap extract compared with the solvent blank ( Table 2) . Females antennated the filter paper in response to female volatile trap extract (χ 2 = 7.62, df = 1,19, P = 0.006) ( Table 2) .
Y-tube Olfactometer Assays
Both male and female wasps oriented preferentially to the opposite sex. Female P. exclamans oriented toward airflow over male P. exclamans volatile collection extract significantly more often compared with the control (χ 2 = 12.45, df = 1, 28, P < 0.001) ( Table 3) . Males oriented toward airflow over female volatile collection extract more often compared with the control (χ 2 = 4.80, df = 1, 29, P = 0.030) ( Table 3) . Male (χ 2 = 4.18, df = 1, 29, P = 0.041) and female (χ 2 = 6.53, df = 1, 28, P = 0.011) P. exclamans also oriented toward airflow over opposite sex jar rinse extract more often compared with the control (Table 3) .
Males oriented toward airflow over female P. exclamans whole body extract (χ 2 = 5.00, df = 1, 79, P = 0.025) and oriented away from airflow over female head extract more often compared with the control (χ 2 = 4.90, df = 1, 58, P = 0.027) ( Table 4) . Females oriented more often toward airflow over male head extract (χ 2 = 7.48, df = 1, 58, P = 0.006) and gaster extract (χ 2 = 11.27, df = 1, 59, P < 0.001) compared with the control (Table 4) . Airflow over mandibular glands (χ 2 = 5.40, df = 1, 59, P = 0.020) and sternites (χ 2 = 8.64, df = 1, 56, P = 0.003), as well as male legs (χ 2 = 6.90, df = 1, 58, P = 0.009) elicited significant orientation by females in the direction of the male gland and leg extracts (Table 4) . Numbers with an asterisk are significantly different from the respective solvent blank. a Within a row, and for each sex, treatments were compared with a solvent blank in a 2 × 2 contingency table analyzed using the chi-square statistic significant at P < 0.05. Within a row, and for each sex, treatments were compared with a solvent blank in a 2 × 2 contingency table analyzed using the chi-square statistic significant at P < 0.05. flight in response to airflow over 20 females (χ 2 = 5.60, df = 1, 69, P = 0.018). Twenty-five (35%) males exhibited close range casting in response to female volatiles (χ 2 = 30.44, df = 1, 69, P < 0.001). Two (2.8%) males made contact with the pipe vent emitting female volatiles. No males showed close range casting or source contact when introduced to airflow from an empty jar (Fig. 1A) .
Flight Tunnel Assay
Forty-five of 70 (64%) P. exclamans females demonstrated upwind flight in response to airflow over 20 P. exclamans males (χ 2 = 4.88, df = 1, 69, P = 0.027). Twenty-nine (41%) of 70 females exhibited close range casting within 20 cm of the pipe vent emitting male volatiles (χ 2 = 36.58, df = 1, 69, P < 0.001), and four (6%) females made contact with the pipe vent (χ 2 = 4.12, df = 1, 69, P = 0.042). No females showed close range casting or source contact when introduced to airflow from an empty jar (Fig. 1B) .
Male Wasp Responses to Extract-Treated Female Models
Male P. exclamans mounted the female P. exclamans model treated with female mesosoma extract more often compared with the solvent blank for that respective tagma (χ 2 = 9.23, df = 1, 19, P = 0.002) ( Table 5 ). Males also exhibited significant grooming (χ 2 = 6.47, df = 1, 19, P = 0.011) and antennation (χ 2 = 4.29, df = 1, 19, P = 0.038) in response to the female model treated with female mesosoma extract (Table 5 ). Males did not exhibit any significant mounting or behavioral responses to the female model treated with female gaster or head extract (Table 5 ).
Significant responses by male P. exclamans to female P. exclamans mesosoma extract in both the tagmata extracts arena assay (Tables 1 and 2 ) and model wasp arena assay (Table 6 ) prompted further testing of mesosoma extracts. The mesosoma was dissected based on the known presence of exocrine glands in the legs (Beani and Calloni 1991a, P. dominula) and torso of the mesosoma (Landolt and Akre 1979, P. aurifer) in other Polistes. Males mounted the female model treated with the extract of the female mesosoma without legs more often (χ 2 = 8.64, df = 1, 19, P = 0.003) when compared with the solvent blank for that respective test (Table 6) . No male response was noted to extract of female legs (Table 6 ).
Discussion
In this series of laboratory experiments using different types of assays, our results show several behavioral responses to extracts, washes, volatile collections, and airflow from over males and gynes of P. exclamans. Each of these demonstrations suggests a pheromone is present in the sample that elicits a behavior. Males scent-marked (dragged gaster) in response to female mesosoma extract. Males oriented [as a klinotaxis (Fraenkel and Gunn 1940) ] to female extracts and female volatile collections, and females oriented (klinotaxis) to male extracts and male volatile collections. Both sexes were attracted (as upwind-oriented flights) to airflow from over wasps of the opposite sex. Males also were stimulated to mount dead, washed female wasps retreated with female mesosoma extract. Together these results indicate multiple sex pheromones or multiple roles of a sex pheromone in P. exclamans.
The reproductive stage of the Polistes paper wasp life history is behaviorally complex, including multiple behaviors that might involve pheromonal signals. Behavior of males of a number of species of Polistes include territoriality (Beani and Turillazzi 1988 ), hilltopping (Mathes-Sears and Alcock 1986 , Wenzel 1987 , Reed and Landolt 1990 ), patrolling and female interception (Post and Jeanne 1983c) , and putative scent-marking on prominent geographic landmarks or near female Polistes aggregations Jeanne 1983c, Reed and Landolt 1990) . Males of P. exclamans establish and defend territories in fall (September-November) in association with other heterospecific males, and in proximity to female overwintering sites (Lin 1972) . The gynes, reproductive females of paper wasps species, form aggregations at nest sites, in sheltered overwintering sites, or in association with hilltopping behavior (Lin 1972, Reed and Landolt Numbers with an asterisk are significantly different from the control.
a Analyzed using the chi-square goodness of fit test significant at P < 0.05. Table 4 . (A) Numbers of male P. exclamans in a Y-tube olfactometer assay turning towards airflow from over female wasp tagmata extracts at a dose of two female equivalents, compared with control airflow, (B) numbers of female P. exclamans turning towards airflow from over male wasp tagmata extracts at a dose of 2ME, compared with control airflow, and (C) numbers of female P. exclamans turning towards airflow from over male wasp leg and gland extracts (2ME) compared with control airflow Numbers with an asterisk are significantly different from the respective solvent blank. 2ME (two male equivalents); NT (no treatment). a Analyzed using the chi-square goodness of fit test significant at P < 0.05. 1991). It is thought, but not well demonstrated, that males may attract females to rendezvous sites such as the tops of shrubs, trees, or overwintering locations, and that females may produce sex pheromones attractive to males. Together these studies suggest a variety of pheromone-mediated behaviors related to mate finding and sexual interactions in Polistes. Numerous roles of pheromones can then be hypothesized for Polistes in regard to territoriality, scent-marking, aggregations, sex attraction, and courtship interactions.
Gaster Dragging as Putative Scent-Marking
In an arena-type assay, we observed male P. exclamans engaging in gaster dragging behavior, which may be a form of scent-marking, as seen in other species of Polistes. This behavior occurred in response to the introduction of filter paper treated with extract of the female mesosoma. In Polistes, the conspicuous male behavior of dragging the gastral sternites on a substrate is hypothesized to be the deposition of pheromones, possibly to mark a territory and attract females as potential mates. Gastral rubbing and dragging, as well as Numbers with an asterisk are significantly different from the respective solvent blank. a Within a row, treatments were compared with a blank corresponding to each tagmata tested in a 2 × 2 contingency table analyzed using the chi-square statistic significant at P < 0.05.
other forms of scent-marking in Polistes wasps often occurs simultaneously with male territorial behaviors (Post and Jeanne 1983c , Wenzel 1987 , Beani and Calloni 1991a , Reed and Landolt 1991 . P. dominula males, for example, exhibit scent-marking in nature while patrolling on tall shrubs and hedges, but in the presence of other males Turillazzi 1988, Beani and Calloni 1991a) . Also, there are sternal glands and associated brushes of the gaster of many vespid wasps Akre 1979, Downing et al. 1985) including males of a number of Polistes species Jeanne 1983b, Downing et al. 1985) . These glands may be sources of pheromone deposited during gastral rubbing or dragging, as they are sources of ant repellent allomones deposited by female workers of P. fuscatus (Post and Jeanne 1981) . Reed and Landolt (1990) provide the only record of P. exclamans exhibiting gastral dragging and scent-marking behavior near nests and hibernacula in the field.
We expected to see some type of scent-marking by male P. exclamans in response to extracts of other males, as a competitive interaction that might occur when males are in loose aggregations and mark territories (Lin 1972 ). However, scent-marking was observed by males in response to female extracts, and not by males in response to male extracts. Male scent-marking in response to female odor suggests some additional behavior by P. exclamans in nature not yet reported. A hypothesis may lie with observations of male P. exclamans scentmarking perches near nests occupied by gynes and near hibernacula in heterospecific aggregations that include conspecific females (Reed and Landolt 1990 ). Might males be attracted to aggregations of females on nests or at overwintering sites, and scent-mark in response to those females? Such behavior may then serve to augment pheromonal recruitment to an aggregation (Beani and Calloni 1991b) .
Pheromonal Sex Attraction
An earlier study of P. exclamans indicated pheromonal attraction of females to males (Reed and Landolt 1990) . We expanded on those results, explored male orientation to females, and further isolated sources of P. exclamans sex pheromone activity, both male-produced and female-produced. Our results confirmed attraction of males to females (Reed and Landolt 1990) , both using the Y-tube olfactometer, where turning into the airflow while walking upwind was the assay criteria, and using the flight tunnel, where upwind oriented flights to the effluent vent was the criteria. Male P. exclamans exhibited significant upwind flight, including casting flight patterns towards the pipe vent releasing airflow from over live females. These results essentially duplicate those of Reed and Landolt (1990) demonstrating male P. exclamans attraction to females. We also demonstrated a similar response in a flight tunnel of female attraction to airflow over live males. Reed and Landolt (1990) did not test females to live males, but did demonstrate female attraction to extracts of male P. exclamans in the flight tunnel. The wasp behavior observed, upwind flight within the plume of odor vented into the flight tunnel with the zig-zag or casting flight pattern, appears to be chemoanemotaxis, as defined by Baker et al. (1984) .
There is now abundant evidence of female attraction to male odor and male attraction to female odor. There are no observations in the field of sex attraction in this species, so at this time we can only speculate on how sex attraction plays a role in mate finding and mate selection in P. exclamans. The observations of male presence and male scent-marking near concentrations of females at inactive nests or at hibernation sites (Lin 1972, Reed and Landolt 1991) suggests that males may be attracted to pheromone released by females under these circumstances. Following such behavior, males may scent-mark to advertise their location to receptive females, and to augment female recruitment to such sites. It has also been proposed that scent-marking territories by male Polistes may act as a spacing mechanism to increase female encounters and reduce competitive male intrusion during mating, possibly increasing mating efficiency (Lin 1972 , Beani et al. 1992 , Reed and Landolt 1991 . Additional field study of the behavior of males and new gynes of P. exclamans under late-season circumstances will be needed to test such hypotheses or formulate new ones.
In support of future efforts to isolate and identify Polistes sex pheromones, we sought to determine tagmatic and glandular sources of P. exclamans pheromones, and to isolate or 'capture' pheromone in solvent samples. Olfactometer results indicated the head and gaster, and more specifically the legs, mandibular glands, and the sternites as sources of male pheromone attractive to females. Such results also are consistent with the idea that males might deposit pheromone through scent-marking, which is then attractive to females. We have not seen mandibular rubbing in P. exclamans as is seen in species of Fuscopolistes Jeanne 1983, Reed and Landolt 1991) , which would indicate the mandibular glands as a possible source of pheromone. We also have not observed leg dragging in P. exclamans as is reported in P. dominula (Beani and Calloni 1991a) , which also would point to putative leg glands as pheromone sources, though the presence or absence of leg glands in P. exclamans has yet to be confirmed. However, grooming with the legs occurs frequently in P. exclamans, which could serve to distribute a pheromone on the cuticle of the wasp. Reed and Landolt (1990) showed attraction of female P. exclamans to extracts of the head and gaster in the flight tunnel, consistent with our findings in the olfactometer, but also to the extract of the mesosoma, which we did not observe in the olfactometer.
Olfactometer results indicated male orientation (klinotaxis) to an extract of the whole female body, but not to individual tagmata, which is not consistent with flight tunnel responses from Reed and Landolt (1990) that showed upwind flight attraction to extracts of the female mesosoma and whole body. This inconsistency could be due to assay methods involving different behaviors in the flight tunnel versus the olfactometer. Additionally, DCM was the extraction solvent used in this study, whereas Reed and Landolt (1990) used hexane.
We did not observe behaviors in our assays that may be part of male-to-male interactions. One might hypothesize, for example, that males may be attracted to male scent-marks as a means of finding wasp aggregations, or conversely that males may be repelled by male pheromone, as an alternate function of male scent-marking a territory.
We did witness male repellency to extract of the female head in the olfactometer, similar to male repellency of live female volatiles witnessed in P. dominula (MacKenzie et al. 2008) . One hypothesis that may explain this response is the presence of alarm pheromone in female Polistes. Post et al. (1984) reported an alarm pheromone Numbers with an asterisk are significantly different from the solvent blank. a Within a row, treatments were compared with a blank corresponding to tagmata tested in a 2 × 2 contingency table analyzed using the chi-square statistic significant at P < 0.05.
in P. fuscatus and P. exclamans females originating in the venom gland. P. exclamans did exhibit an aggressive response to alarm pheromones, with females frequently exhibiting an alarm response and leaving their nests during field and lab assays (Post et al. 1984) . The females used in our bioassays were collected on late-season nests that may have included non-reproductive females still on the nest. This could be a reason for male repellency, as non-reproductive females are more likely to possess alarm pheromone, which could have complicated our results. The yellowjacket, Vespula squamosa Drury, possess alarm pheromone originating in the head (Landolt et al. 1999) , and the P. exclamans female head extract was the source of male repellency in our olfactometer assay.
It is important to note that we were able to capture pheromone activity in volatile collections (solvent extracts of airflow traps) and jar rinses. Samples of both jar rinses and extracts of airflow traps from jars of females were attractive to males, indicating the presence of emitted pheromone in both types of samples. The female orientation to the male jar rinse and volatile trap extracts demonstrates the deposition or emission of pheromones by males that is then captured with the solvent washing of the jar and in the volatile trap absorbent. The demonstrations of sex attraction in a flight tunnel, following the use of the Y-tube olfactometer, and attraction to solvent samples and vented airflows, provide rigor to the conclusions of sex attraction in response to pheromone, rather than to visual or acoustic signaling.
Male Mounting Responses to Female Pheromone
We also hypothesized that males might respond to female pheromone at close range with mounting as a copulatory attempt. Although we did not see significant male mounting of female models treated with female extracts of the head and gaster, extracts of the female mesosoma applied to the female model wasp prompted males to mount the model. This assay method and demonstration of female pheromonal elicitation of male copulatory attempts are reported for Vespa hornets (Ono et al. 1987 , Spiewok et al. 2006 ); however, this was the first such demonstration of such a pheromone-mediated response in a Polistes paper wasp. Our results indicate that extracts of the mesosoma stimulate copulatory attempts in P. exclamans, different from the results of Post and Jeanne (1983a) , which demonstrated that extracts of the gaster, and more specifically the venom gland, prompted copulatory attempts in P. fuscatus.
The source of female pheromones that elicit male copulatory attempts would be of interest to future efforts to isolate and identify the pheromones involved. The mesosoma of the Vespidae, including Polistes spp., contains a large thoracic gland with two distinct sections, prothoracic and mesothoracic (Landolt and Akre 1979) , which is thought to produce salivary secretions used in papermaking. However, the gland may play a different role depending on sex, caste, or phenology. The individual parts of the thoracic gland vary in size in the Vespidae, suggesting that the two parts of the gland may serve different functions (Landolt and Akre 1979) . In P. exclamans, perhaps all or part of the thoracic gland may play a role in producing pheromones in gynes during the mating season. Indeed, other female Vespidae that are not involved in nest building have well developed thoracic glands during the fall mating season (Landolt and Akre 1979) .
In addition to the thoracic glands, Polistes wasps likely possess exocrine glands in the legs, which could be a source of pheromonal activity in an extract of the mesosoma. Ducted Type III glands (Noroit and Quennenday 1974) were found in the legs of P. dominula, and are thought to be widespread in Polistes and involved in scent-marking (Beani and Calloni 1991a) . However, there are no such reports of such glands, or their absence, in P. exclamans. P. exclamans males did not exhibit any significant response to extract of the female legs. However, extract of the female mesosoma without legs induced mounting by males. Thus, our assay results do not support the hypothesis that the P. exclamans male mounting response to the female mesosoma extract was due to a contribution from glands of the female legs and the source might originate in the thoracic gland, as previously discussed.
Practical Applications
The demonstrations of orientation in an olfactometer and attraction in a flight tunnel provide tactical support to efforts to isolate and identify a sex attractant for this and other species of Polistes. Although Polistes wasps are important ecological components and can contribute to the biological control of plant pests (Gould and Jeanne 1984) , they can also be pestiferous under particular situations (Landolt et al. 2014) . For example, Polistes species can cause significant injury to commercial fruits such as cherries and grapes (Cranshaw et al. 2011 , Galvan et al 2008 . They can constitute a stinging hazard when they construct nests on human structures (Reed and Vinson 1979) , or swarm around towers in late summer and autumn (Reed and Landolt 1991) . Chemical attractants, as baits in traps, have been useful to mitigate social wasp problems when they occur in limited circumstances. While strong attractants are available for many pest Vespula yellowjackets, we have yet to discover and develop efficient attractants for many species of Polistes (Landolt and Zhang 2016) . Perhaps then, the further pursuit of isolation, identification, and development of sex attractants may provide a useful lure to use in mitigating problematic populations of P. exclamans and others.
Conclusions
Our results generally are consistent with prior reports of Polistes sexual behavior in the field and experimental demonstrations of pheromonal activity in the laboratory. For example, gastral dragging or gastral rubbing, as we saw in the arena assay with P. exclamans, is similar to that described by Reed and Landolt (1991) for P. fuscatus group species on towers in FL, as well as in natural settings for P. exclamans, P. dominula, P. major, and P. nimpha (Reed and Landolt 1990 , Beani and Turillazzi 1988 , Wenzel 1987 , Turillazzi and Cervo 1982 . We did not see mandibular rubbing, which has been noted in the field for P. major, P. fuscatus, P. metricus, and P. dorsalis males (Wenzel 1987, Reed and Landolt 1991) , nor did we see leg rubbing noted in P. dominula (Beani and Calloni 1991a) . As discussed earlier, P. dominula and P. exclamans females have been observed to orient to male perch sites in the field Turillazzi 1990, Reed and Landolt 1991) , lending additional support for our assertion of the existence of a male pheromone attractive to females. There are no reports of male Polistes copulatory responses to female pheromone, such as we noted using extract-treated female models, although such behavior has been reported for species of Vespa (Ono et al. 1987 , Spiewok et al. 2006 . As noted earlier, laboratory demonstrations of female orientation to males was shown for P. exclamans, P. dominula, and P. fuscatus, and may occur in response to male scentmarking. Male orientation to females has also been reported for P. fuscatus, P. exclamans, and P. dominula (Post and Jeanne 1983c , Reed and Landolt 1990 , MacKenzie et al. 2008 ).
Here we have demonstrated multiple ways in which pheromones might influence sexually mediated behavior in P. exclamans. Taken together, we have identified significant pheromonal roles that mediate mate finding strategies from both sexes that might facilitate mating in natural situations, such as reported by Lin (1972) . Results from this study support the assertion that both female and male pheromones play a complex role in mate finding and mate selection. Future studies should attempt to confirm laboratory results in the field, especially across the genus, as different species seem to have varied pheromone-mediated behaviors or potential pheromone sources. Furthermore, assays used in this study can be ubiquitously applied to research on pheromone-mediated communication systems in other social insect species. Our methods appeared successful at capturing potential pheromones, which will aid in eventual identification of their structures. Prospective bioassays should focus on the isolation of these critically important compounds.
